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Figure 3. Additional information about the Figure 2 event: (left) SNR for the first three seconds (dB), (middle) angle of arrival of meteor echo color coded with
range information and overlaid on the antenna sensitivity pattern, and (right) projected trajectory of the meteor head echo in a vertical plane color coded to
indicate the time information. Figure 3 (right) includes the circle where the meteor trajectory lies perpendicular to the radar line of sight.

echoes, and (3) the structured spectrogram above 108 km due to the combined effects of the meteor
head echo and the short-duration nonspecular trail echoes at those altitudes.

To aid the interpretation and analysis of this event, in Figure 3 (left) we show the SNR during the first 3 s of
the event, (Figure 3, middle) the angle-of-arrival distribution of all three types of meteor echoes (using eight
hexagons to resolve ambiguity and to obtain angular precision), color coded with range information, and
(Figure 3, right) the projection of the meteor head echo trajectory on the vertical plane along the trajec-
tory. In Figure 3 (left) we labeled the features mentioned in section 1: (1) the meteor head echo observed
for almost 1 s and starting above 120 km range and disappearing around 100 km; (2) the classical specu-
lar meteor echo at 100 km range with a signature so strong that even using complementary binary codes,
it generated some range sidelobes; and 3) the nonspecular meteor trail echoes occurring right after the
meteor head and lasting from few milliseconds (upper ranges) to a few tens of seconds (between 108 and
102 km range).

Though this paper focuses primarily on the nonspecular echoes, we first describe some of the features of
the other echoes, since they provide us with additional information. Using the interferometry information
on the head echo portion of the data [e.g., Chau and Woodman, 2004, Schult et al., 2013], we found that the
meteor entered Earth at a high geocentric speed of ∼69.5 km/s and came from ∼2 h 53 min right ascension,
29.47◦ declination, in modified ecliptic coordinates from the North Apex sporadic meteor source [Chau et al.,
2007]. Although the speed was large, the radial velocity was comparably slow due to the very low elevation
angle (∼28.6◦), therefore, it was observed over a long horizontal distance (∼50 km). From the analysis of
the specular meteor echo signals, the specular echo lasted for approximately 10 s and occurred at ∼87 km
altitude. Following well-established analysis of specular meteor echoes [e.g., Stober et al., 2011], the esti-
mated mass at the altitude of the specular meteor echo is between 10−7 and 10−6 kg, while the initial
mass was approximately between 0.01 and 0.1 kg, i.e., a great portion of the meteoroid mass had been
left behind. The meteoroid mass was computed by taking a single-body meteor ablation model using the
known meteoroid trajectory and the observed electron line density of the specular trail. We assumed that
the meteoric composition is porous and that as long as the meteoroid did not reach the isothermal con-
dition [Vondrak et al., 2008], only the outer shell contributes to the plasma production. In this calculation,
we are not considering fragmentation. Elford [2004] showed that several fragments can contribute to the
same trail. Our method provides an estimate of the integral mass of all fragments. We think that the largest
uncertainty in our estimate is introduced by the not well-defined antenna gain along the meteor trajectory.

Although there is a large uncertainty on the estimated meteor mass, the relatively large meteor is also
supported by the strength of the observed echoes. Considering that the meteor echoes were observed in
the antenna sidelobes, they would have been observed with 80–90 dB SNR if they were observed in the
main beam, i.e., more than 5 orders of magnitude than the typical strong meteor echoes. Unfortunately for
this event, we are not able to estimate the meteoroid mass from the head echo information as it is usually
done with this type of echoes [e.g., Close et al., 2004], neither from the deceleration (dynamic mass) due to
the relative high number of coherent integrations nor from the power (scattering mass), where due to the
occurrence of the echo in the sidelobes, the uncertainty in actual strength exceeds a few dB.
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